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SUMMARY 

T h i s  paper d e s c r i b e s  t h e  e n e r g e t i c s  of a three-d imens iona l ,  q u a s i -  
g e o s t r o p h i c  s i m u l a t i o n  o f  a sudden s t r a t o s p h e r i c  warming which developed spon- 
t aneous ly  du r ing  an annual -cyc le  s imula t ion .  Da i ly  v a l u e s  of t h e  s t r a t o s p h e r i c  
t empera tu res ,  z o n a l  winds,  h e a t i n g  rates,  e n e r g i e s ,  and energy  conve r s ions  are 
d i s c u s s e d  and compared wi th  those  f o r  observed  warmings. It  is shown t h a t ,  l i k e  
observed  warmings, t h e  s i m u l a t e d  warming w a s  p receded  by an  i n c r e a s e d  v e r t i c a l  
f l u x  of eddy k i n e t i c  energy  from t h e  t roposphe re  and t h e  polar h e a t i n g  r e s u l t e d  
because of t h e  s t r o n g  convergence o f  t h e  h o r i z o n t a l ,  eddy h e a t  f l u x  which was 
o n l y  p a r t i a l l y  ba lanced  by adiabatic and d i a b a t i c  c o o l i n g .  

There is a s i g n i f i c a n t  s i m i l a r i t y  between t h e  e n e r g e t i c s  of t h e  s i m u l a t e d  
and observed  warmings. I n  a d d i t i o n  t h e  warming w a s  spontaneous  and t h e  model 
d i d  n o t  deve lop  a major warming i n  each w i n t e r  of t h e  s i m u l a t i o n .  These facts  
s u g g e s t  t h a t  t h i s  model may be u s e f u l  f o r  s tudy ing  no t  on ly  t h e  warming process, 
b u t  also t h e  c o n d i t i o n s  t h a t  f avor  its development. 

INTRODUCTION 

S i n c e  Scherhag 119521 reported t h e  d i s c o v e r y  of t h e  e v e n t  now commonly 
r e f  e r r e d  to as a "sudden s t r a t o s p h e r i c  warming," r e s e a r c h e r s  have been i n t r i g u e d  
by t h e  Occurrence of t h e s e  major anomalous d i s t u r b a n c e s  i n  t h e  w i n t e r  polar 
s t r a t o s p h e r e .  I n d i v i d u a l  warmings have been ana lyzed  by v a r i o u s  i n v e s t i g a t o r s  
du r ing  t h e  subsequen t  y e a r s .  M o d e l  s i m u l a t i o n s  of t h e s e  e v e n t s  also have been 
attempted wi th  va ry ing  degrees  of success. The monograph e d i t e d  by McIntur f f  
(1978) and t h e  rev iews  by Schoeberl (1978) and Qui roz  e t  a l .  (1975) p rov ide  
e x t e n s i v e  d i s c u s s i o n s  o f  b o t h  o b s e r v a t i o n a l  and model s t u d i e s  on t h i s  topic. 

Most of the model s t u d i e s  o f  s t r a t o s p h e r i c  warmings have u t i l i z e d  mechanis- 
t i c  models w i t h  prescribed boundary c o n d i t i o n s  imposed a t  t h e  tropopause of t h e  
model. The s t u d i e s  of Matsuno (1971) ,  Geisler (1974) ,  Holton (1976) ,  and 
Schoebe r l  and S t r o b e 1  (1980) f a l l  w i t h i n  t h i s  ca t egory .  These models are of 
par t icular  i n t e r e s t  because  of t h e i r  a p p a r e n t  success i n  s i m u l a t i n g  a warming. 
However, t h e s e  s t u d i e s  also p r o v i d e  s o m e  c o n t r a s t i n g  views of t h e  dynamical 
e v o l u t i o n  o f  a warming. 

Matsuno (1 971) developed a quas i -geos t roph ic  model having a s i n g l e  z o n a l  
wave i n t e r a c t i n g  wi th  t h e  mean flow. Matsuno hypo thes i zed  t h a t  p l a n e t a r y - s c a l e  
waves p ropaga t ing  upward i n t o  t h e  s t r a t o s p h e r e  would decelerate t h e  z o n a l  mean 
f l o w .  The l a r g e  ampl i tude  o f  t h e  waves a t  h ighe r  l e v e l s  i n  t h e  model, where 
t h e  d e n s i t y  is l o w ,  would be  p a r t i c u l a r l y  e f f e c t i v e  i n  weakening t h e  z o n a l  wind 
and e v e n t u a l l y  producing  a c r i t i ca l  l e v e l .  The c r i t i ca l  l e v e l  would then  act  
to abso rb  t h e  wave energy ,  producing  f u r t h e r  d e c e l e r a t i o n  of t h e  z o n a l  f low 
and d e s c e n t  o f  t h e  c r i t i ca l  l e v e l .  The Coriolis torque a c t i n g  on t h e  mean merid- 
i o n a l  c i r c u l a t i o n  induced by t h e  l a r g e  convergence of t h e  poleward,  eddy h e a t  
f l u x  w a s  r e s p o n s i b l e  f o r  t h e  e a s t e r l y  a c c e l e r a t i o n .  



The s t u d i e s  of Geisler (1974) and S c h o e b e r l  and S t r o b e l  (1980) also 
u t i l i z e d  q u a s i - g e o s t r o p h i c  models having a s i n g l e  zonal  wave i n t e r a c t i n g  w i t h  
t h e  mean f l aw.  S c h o e b e r l  and S t r o b e l  (1980) concluded t h a t  t h e  f o r m a t i o n  and 
p r o p a g a t i o n  of c r i t i ca l  l e v e l s  was an  e s s e n t i a l  e lement  i n  t h e  development of 
a warming. Geisler (1974) ,  on t h e  o t h e r  hand, noted t h e  f o r m a t i o n  and d e s c e n t  
of a cr i t ical  leve l  i n  h i s  s t u d y ,  bu t  concluded t h a t  t h e  warming d id  n o t  
r e s u l t  from c r i t i c a l - l e v e l  a b s o r p t i o n  of t h e  wave. 

The r e s u l t s  o b t a i n e d  by Holton (1976) provided  a somewhat d i f f e r e n t  expla-  
n a t i o n  of t h e  warming development. I n  t h e  s t u d y  w i t h  zonal  wave number one, 
Hol ton  found no i n d i c a t i o n  of a descending c r i t i ca l  l e v e l .  H e  concluded t h a t  
wave t r a n s i e n c e ,  r a t h e r  than c r i t i c a l - l e v e l  i n t e r a c t i o n ,  w a s  t h e  pr imary r e a s o n  
f o r  t h e  mean flow d e c e l e r a t i o n .  Furthermore,  he found t h a t  convergence of hor i -  
z o n t a l ,  eddy momentum f l u x  was impor tan t  i n  t h a t  i t  a c t e d  to  approximate ly  
ba lance  t h e  Coriolis torque. The n e t  d e c e l e r a t i o n  of t h e  westerlies r e s u l t e d  
from t h e  small r e s i d u a l  between t h e s e  t w o  terms and w a s  an o r d e r  of magnitude 
smaller t h a n  t h e  Coriol is  torque .  

A n o t a b l e  e x c e p t i o n  to  t h e  m e c h a n i s t i e m o d e l  s t u d i e s  is t h e  s i m u l a t i o n  of  
s t r a t o s p h e r i c  warmings with a primi t i v e - e q u a t i o n ,  gener  a l - c i r c u l a t i o n  model 
reported by Newson (1974) and O ' N e i l l  (1980) .  O ' N e i l l  noted t h e  presence  of  
l a r g e ,  equatorward,  eddy mmentum f l u x .  Thus, t h e  d i v e r g e n c e  of t h e  h o r i z o n t a l  
momentum f l u x  i n  t h i s  s i m u l a t i o n  was r e s p o n s i b l e  for weakening t h e  w e s t e r l y  jet .  
H e  also r e p o r t e d  no ev idence  for a descending c r i t i c a l  l e v e l  and determined wave 
t r a n s i e n c e  to  be i n s t r u m e n t a l  i n  t h e  warming. 

The p r e s e n t  s t u d y  d e s c r i b e s  t h e  a n a l y s i s  of t h e  e n e r g e t i c s  of a sudden 
warming which developed spontaneous ly  d u r i n g  one w i n t e r  of a 33-month s i m u l a t i o n  
u s i n g  a three-dimensional ,  q u a s i - g e o s t r o p h i c  model. The a n a l y s i s  of a p o r t i o n  
of the  33-month s i m u l a t i o n  was p r e v i o u s l y  reported by Ramanathan and Grose 
(1978) as a s t u d y  of radiat ive-dynamic coupl ing  i n  t h e  s t r a t o s p h e r e .  The 
changes , t h a t  o c c u r r e d  i n  t h e  c i r c u l a t i o n  and thermal  s t r u c t u r e  of t h e  w i n t e r  
polar s t r a t o s p h e r e  d u r i n g  t h e  warming are shown to be i n  close agreement wi th  
observed  behavior .  That  i s ,  c h a r a c t e r i s t i c  f e a t u r e s  of s t r a t o s p h e r i c  warmings 
reproduced by t h e  model inc luded:  (1)  enhanced v e r t i c a l  f l u x  of eddy energy  
i n t o  t h e  s t r a t o s p h e r e :  ( 2 )  r a p i d  tempera ture  i n c r e a s e  i n  high l a t i t u d e s  w i t h  a 
r e v e r s a l  of t h e  zonal  mean tempera ture  g r a d i e n t  between m i d l a t i t u d e  and pole; 
(3) d e s t r u c t i o n  of t h e  circumpolar c y c l o n i c  vortex:  and (4) marked d e c e l e r -  
a t i o n  of t h e  w e s t e r l y  j e t  and t h e  appearance of zonal  mean easter l ies .  

I t  w i l l  be shown t h a t  t h e  e n e r g e t i c s  of t h i s  s i m u l a t i o n ,  as w e l l  as t h e  
dynamical development which is d e s c r i b e d  by Grose and Haggard (1981) ,  are  i n  
good agreement w i t h  features c h a r a c t e r i s t i c  of observed warmings. I t  w i l l  f u r -  
t h e r  be shown t h a t  t h e  p r e s e n t  w o r k  compares w e l l  wi th  c e r t a i n  aspects of o t h e r  
model r e s u l t s ,  b u t  i n t e r e s t i n g  c o n t r a s t s  are a lso noted.  I n  p a r t i c u l a r ,  it w i l l  
be  shown t h a t ,  l i k e  observed  warmings, t h e  s i m u l a t e d  warming was preceded by an  
i n c r e a s e d  v e r t i c a l  f l u x  of eddy g e o p o t e n t i a l  energy  from t h e  t r o p o s p h e r e  and 
t h a t  polar h e a t i n g  r e s u l t e d  because of t h e  s t r o n g  convergence of t h e  h o r i z o n t a l ,  
eddy h e a t  f l u x  which was o n l y  p a r t i a l l y  balanced by a d i a b a t i c  and d i a b a t i c  cool- 
i n g .  A d i s c u s s i o n  of t h e  s y n o p t i c  developnent  of t h i s  s i m u l a t e d  warming i s  
g iven  by Grose and Haggard (1981).  
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AF 

AZ 

AZSH 

BAE 

BAZ 

BKEH 

BKEV 

BKZV 

CA 

CAE 

CAZ 

CEA 

CEK 

CK 

CKE 

CKZ 

CZA 

C Z K  

DE 

DZ 

GE 

GZ 

m 

SYMBOLS 

eddy a v a i l a b l e  p o t e n t i a l  energy  of Nor the rn  Hemisphere 

eddy a v a i l a b l e  p o t e n t i a l  energy of Sou the rn  Hemisphere 

ra te  of convers ion  o f  AESH t o  AE 

zona l  a v a i l a b l e  p o t e n t i a l  energy of Nor the rn  Hemisphere 

zonal  a v a i l a b l e  p o t e n t i a l  energy of  Sou the rn  Hemisphere 

r a t e  of convers ion  of  AESH to AE by boundary f l u x  

ra te  of convers ion  of  AZSH to  A 2  

ra te  of conve r s ion  of KESH to KE by boundary f l u x  

convergence of v e r t i c a l  f l u x  of KE 

convergence of v e r t i c a l  f l u x  of KZ 

1/2(CAz + CAE) 

ra te  of convers ion  of AZSH to  AE 

ra te  of convers ion  of  AZ t o  AESH 

rate  of convers ion  of AE to  KESH 

rate  of convers ion  o f  AESH to KE 

1/2(CKZ + CKE) 

ra te  of convers ion  of KE t o  KZSH 

r a t e  of convers ion  of KESH to  K Z  

r a t e  of convers ion  of KZSH t o  A2 

r a t e  of convers ion  of KZ to  AESH 

d i s s i p a t i o n  of KE by f r i c t i o n  and by d i f f u s i o n  

d i s s i p a t i o n  of KZ by f r i c t i o n  and by d i f f u s i o n  

g e n e r a t i o n  of AE by d i a b a t i c  h e a t i n g  and by d i f f u s i o n  

g e n e r a t i o n  of AZ by d i a b a t i c  h e a t i n g  and by d i f f u s i o n  

eddy k i n e t i c  energy  of Nor thern  Hemisphere 
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K E S H  

m 

KZ 

KZSH 

m 

n 

N 

P 

Pm,(l4 

Q 

QEX 

Q L W  

QSOL 

QSP 

t 

VOE 

voz 

m 
Cn (Pt t )  

e 
x 
1-( 

w 

eddy k i n e t i c  energy  of Sou the rn  Hemisphere 

rate of conve r s ion  of KESH t o  KE 

z o n a l  k i n e t i c  energy  of Nor the rn  Hemisphere 

zona l  k i n e t i c  energy  o f  Sou the rn  Hemisphere 

o r d e r  of Legendre f u n c t i o n ;  zona l  wave number 

degree  o f  Legendre f u n c t i o n  

n o r t h  

p r e s s u r e  

a s s o c i a t e d  Legendre f u n c t i o n  of o r d e r  m and degree  n 

d i  a b a t  i c h e a t  i ng term 

r a d i a t i v e  exchange term 

longwave h e a t i n g  term 

solar h e a t i n g  term 

c o o l i n g  t o  space term 

t i m e  

v e r t i c a l  f l u x  of eddy g e o p o t e n t i a l  energy  

v e r t i c a l  f l u x  of zonal  g e o p o t e n t i a l  energy 

expans ion  c o e f f i c i e n t ;  v o r t i c i t y  

p o t e n t i  a 1  temperature 

l o n g i t u d e  

s i n e  of l a t i  tude 

v e r t i c a l  v e l o c i t y ,  dp/dt  

Subs cr i pts : 

b hottcm of r e g i o n  

t top of r eg ion  
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M3DEL DESCRIPTION 

The model used f o r  t h i s  exper iment  is t h e  one  d e s c r i b e d  by Ramanathan and 
Grose (1978) and Chen and Ramanathan (1978);  hence,  o n l y  a b r i e f  d e s c r i p t i o n  of 
it is given  h e r e .  
n i n e  pressure l e v e l s  e x t e n d i n g  from 800 to  0.05 mbar. (See f i g .  1 . )  As shown 
i n  t h e  f i g u r e ,  t h e  p o t e n t i a l  t empera ture  and t h e  v e r t i c a l  v e l o c i t y  are d e f i n e d  
a t  t h e  same pressure l e v e l s ,  w h i l e  t h e  v o r t i c i t y  is d e f i n e d  a t  a l t e r n a t e  l e v e l s .  
A t  each p r e s s u r e  l e v e l ,  t h e  f i e l d  v a r i a b l e s  a r e  expanded i n  terms of s p h e r i c a l  
harmonics i n  t h e  form 

The model is th ree-d imens iona l  and quas i -geos t rophic ,  w i t h  

6 “2 

n1 = 1  i f  m = O  

= I m l  i f  m # o 

n2 = n1 + 5 

where X is t h e  l o n g i t u d e ,  u is t h e  s i n e  of t h e  l a t i t u d e ,  and p _ ( p )  m i s  t h e  

assoc i a t  
m 

f o r  t h e  
5, (Pf  t )  

L L  .ed Legendre f u n c t i o n  of  o r d e r  m and d e g r e e  n. The expansion c o e f f i c i e n t  

tempera ture  expans ion;  t h u s ,  t h e  g l o b a l  mean t e m p e r a t u r e  a t  each  l e v e l  
is o m i t t e d  is  a f u n c t i o n  Of pressure and t i m e .  The term i n v o l v i n g  

is n o t  c a l c u l a t e d  b u t  is i n s t e a d  s p e c i f i e d  a s  t h e  observed y e a r l y  mean of t h e  
g l o b a l  va lue  for t h a t  pressure l e v e l .  T h i s  expansion has  s i x  p l a n e t a r y  waves i n  
t h e  l o n g i t u d i n a l  d i r e c t i o n  and p r o v i d e s  f o r  a t h r e e - c e l l  l a t i t u d i n a l  s t r u c t u r e  
i n  each hemisphere. 

T h i s  model d i f f e r s  from t h e  one d e s c r i b e d  by T r e n b e r t h  (1973a and 1973b) 
by i n c l u d i n g  odd o r d e r s  i n  t h e  s p h e r i c a l  harmonics and i n  t h e  c a l c u l a t i o n  of  t h e  
s t r a t o s p h e r i c  d i a b a t i c  h e a t i n g ,  which is done w i t h  t h e  model d e s c r i b e d  by 
Ramanathan (1976) .  I t  is a l s o  similar t o  t h e  model d e s c r i b e d  by Cunnold e t  a l .  
(1975) .  As i n  T r e n b e r t h ‘ s  model, t h e  d i r e c t  e f f e c t s  of orography and t h e  d i f -  
f e r e n t i a l  h e a t i n g  due t o  land-sea c o n t r a s t  a r e  p r e s e n t  o n l y  i n  z o n a l  wave num- 
ber  t w o .  

D i a b a t i c  h e a t i n g  i n  t h e  model t r o p o s p h e r e  is c a l c u l a t e d  u s i n g  t h e  Newtonian 
approximation.  However, f o r  t h e  d i a b a t i c  h e a t i n g  Q i n  t h e  s t r a t o s p h e r e  w e  use  
t h e  method d e s c r i b e d  i n  Ramanathan (1976) where 
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The solar h e a t i n g  term QSoL i n c l u d e s  t h e  absorption by 03 of t h e  d i r e c t  as 
w e l l  as t h e  r e f l e c t e d  components of t h e  solar r a d i a t i o n .  The longwave term 
QLw which i n c l u d e s  c o n t r i b u t i o n s  from C02, H20, and O3 is expressed  as 

where QEx 
under c o n s i d e r a t i o n  and t h e  layers below, i n c l u d i n g  t h e  t roposphere  and t h e  
s u r f a c e ,  and QSP is t h e  m o l i n g  t o  space term. The c o n t r i b u t i o n  a r i s i n g  from 
energy exchange between t h e  l e v e l  and t h e  l a y e r s  above is n e g l e c t e d  because 
t h i s  term has been shown t o  be g e n e r a l l y  n e g l i g i b l e  by Ramanathan (1976).  How- 
e v e r ,  Ramanathan (1977) shows t h a t  d u r i n g  extreme s i t u a t i o n s  such  a s  a sudden 
s t r a t o s p h e r i c  warming, t h e  downward, longwave r a d i a t i v e  f l u x  from t h e  w a r m  p o l a r  
s t r a t o s p h e r e  to  t h e  t r o p o s p h e r e  may be of importance.  The QEX term has been 
shown by Ramanathan and Grose (1977 and  1978) t o  p l a y  a n  impor tan t  role i n  t h e  
s t r a t o s p h e r e  f o r  p > 1 0  mbar. The Newtonian approximat ion  i m p l i c i t l y  n e g l e c t s  
t h e  QEx term by assuming t h a t  QLW is dependent only on t h e  local temperature. 

is t h e  c n o l i n g  or h e a t i n g  due to  energy exchange between t h e  l e v e l  

For  t h e  d i a b a t i c  h e a t i n g  c a l c u l a t i o n s  we u t i l i z e  0 3  d i s t r i b u t i o n s  as a 
f u n c t i o n  of l a t i t ude ,  a l t i t u d e ,  and season  as t a b u l a t e d  by Ramanathan and Grose 
(1977; see t h e i r  t a b l e  I ) .  For  H20 we have adopted t h e  r e l a t i v e  humidi ty  d i s -  
t r i b u t i o n  g iven  by Manabe and Wetherald (1967) f o r  t h e  t r o p o s p h e r e  and assume 
a constant mass-mixing r a t i o  of 3 parts per  m i l l i o n  by volume f o r  t h e  strato- 
sphere .  For 602 ,  we assume a uniform d i s t r i b u t i o n  of 320 par ts  per m i l l i o n  by 
volume. 
t r a n s f e r  model. 

Doppler broadening e f f e c t s  for cO2 and 0 3  are inc luded  i n  t h e  r a d i a t i v e  

DEVELOPMENT OF THE WAFtMING 

The s i m u l a t e d  s t r a t o s p h e r i c  warming d e s c r i b e d  i n  t h i s  paper developed spon- 
t a n e o u s l y  d u r i n g  one w i n t e r  i n  a ser ies  of annual-cycle  s i m u l a t i o n s .  I n  con- 
t r a s t  to  model s i m u l a t i o n s  such as t h o s e  by Hol ton  (1976) and Matsuno (1971) ,  no 
f o r c i n g  w a s  imposed a t  t h e  lower boundary nor was t h e r e  any a l t e r a t i o n  of t h e  
f i e l d s  t h a t  o c c u r r e d  n a t u r a l l y  d u r i n g  t h e  s i m u l a t i o n .  The developnent  of a 
major warming was not  a r e c u r r i n g  event .  Each w i n t e r  s i m u l a t i o n  was marked by a 
series of small warmings, bu t  major warmings developed i n  o n l y  t w o  of t h e  four  
win ter  s i m u l a t i o n s .  The present a n a l y s i s  w i l l  be res t r ic ted to  a d i s c u s s i o n  of 
t h e  f i r s t  of t h e s e  events .  

One of t h e  most d r a m a t i c  f e a t u r e s  of a major s t r a t o s p h e r i c  warming is t h e  
r a p i d  i n c r e a s e  i n  t h e  polar temperature. Histories of t h e  zonal  mean tempera- 
t u r e s  f o r  t h e  40-, lo-, and 2-mbar l e v e l s  are shown i n  f i g u r e  2. A t  a l l  t h r e e  
l e v e l s ,  t h e  h i s t o r i e s  d i s p l a y  a series of low-amplitude o s c i l l a t i o n s  a t  t h e  
pole throughout  t h e  f i r s t  h a l f  of t h e  w i n t e r .  I n  mid-February, t h e r e  is a pro- 
nounced warming t r e n d  a t  40 mbar northward of 45O.N which acts to e l i m i n a t e  t h e  
l a t i t u d i n a l  tempera ture  g r a d i e n t  i n  t h e  h igher  l a t i t u d e s .  S i m i l a r  warming 
OCCUKS a t  both t h e  10- and 2-mbar l e v e l s  a f e w  days la te r .  However, t h e  warm- 
i n g  a t  t h e s e  two higher  l e v e l s  does n o t  cause an  i n i t i a l  i n c r e a s e  i n  t h e  polar 
temperature and, thus ,  t e m p o r a r i l y  acts to  s t e e p e n  t h e  l a t i t u d i n a l  tempera ture  
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g r a d i e n t  i n  t h e  polar reg ion .  E a r l y  i n  March t h e r e  is an i n c r e a s e  i n  t h e  
40-mbar polar tempera ture  which peaks a t  231 K on  March 11 and t h e n  d e c l i n e s  
for about  a week. A s  t h e  40-mbar tempera ture  is d e c l i n i n g ,  t h e r e  i s  a r a p i d  
i n c r e a s e  of the polar tempera ture  a t  10 mbar fran 212 K on  March 11 to  242 K 
on March 17. The d e c l i n e  of t h e  40-mbar tempera ture  after March 11 i s  f o l l c w e d  
by another  rapid i n c r e a s e  to 234 K and a d e c l i n e  of t h e  10-mbar va lue .  There 
i s  a150 an i n c r e a s e  i n  t h e  2-mbar polar tempera ture  t o  a p e a k  of  242.5 K on 
March 21. A f t e r  t h i s ,  t h e  polar tempera tures  a t  1 0  and 40 mbar d e c l i n e  towards 
t h e i r  more u s u a l  win ter  va lues .  Hcwever, t h e  t e m p e r a t u r e  a t  2 mbar does not  
r e a l l y  r e a v e r ,  but  c o n t i n u e s  i n t o  t h e  s p r i n g  warming. 

I n  o r d e r  to be d e s i g n a t e d  a major warming, n o t  o n l y  must  t h e  zonal ,  mean 
tempera ture  g r a d i e n t  r e v e r s e  a t  or below 10 m b a r  b u t  t h e r e  must also be an  
associated c i r c u l a t i o n  r e v e r s a l  (McIntruff  1978).  The h i s t o r i e s  of t h e  zonal  
winds for  t h e  70-, 20-, and 5-mbar l e v e l s  are shown i n  f i g u r e  3. I n i t i a l l y ,  
t h e  winds are moderate  and oompare w e l l  w i t h  t h e  o b s e r v a t i o n s  of N e w e l 1  et  a l .  
(1974) .  However, a g e n e r a l  s t r e n g t h e n i n g  of t h e  p o l a r - n i g h t  j e t  a t  a l l  t h r e e  
l e v e l s  begins  to  occur  by F e b r u a r y  10. Centered  about  30° N to  35O N ,  t h e r e  is 
a r e g i o n  of very  weak westerlies a t  both 70 and 20 mbar for t h e  f i r s t  h a l f  of 
t h e  w i n t e r .  C o i n c i d e n t  w i t h  t h e  f i r s t  appearance of  t he  warming t r e n d  north-  
ward of 45O N shown i n  f i g u r e  2, t h e r e  is a d e c e l e r a t i o n  of t h e  zonal  winds and 
t h e  development of isolated r e g i o n  of easterl ies c e n t e r e d  a t  approximately 
35O N and 20 mbar. Examination of t h e  l a t i t u d i n a l  s t r u c t u r e  of t h e  wave ampli- 
t u d e s  (see Grose and Haggard 1981) and t h e  l a t i t u d i n a l  d i s t r i b u t i o n  of t h e  
upward p r o p a g a t i o n  of eddy energy  from below l e a d s  u s  to  conclude t h a t  t h i s  
"cri t ical" r e g i o n  does not  p l a y  a role i n  t h e  model warming analogous to  t h a t  
proposed by Matsuno (1971) ,  where t h e  c r i t i ca l  leve l  acts to  a b s o r b  wave energy  
and to  i n t e n s i f y  t h e  warming. I n  t h i s  s i m u l a t i o n ,  t h e  r e g i o n  appears  to  act as 
a guide  f o r  channel ing  la rge-ampl i tude  p l a n e t a r y  waves to  h igher  l a t i t u d e s ,  con- 
s i s t e n t  w i t h  t h e  r e s u l t s  of b o t h  Matsuno (1971) and  Simmons (1974).  While no 
c r i t i c a l  l i n e  develops a t  t h e  5-mbar l e v e l  u n t i l  t h e  warming has decayed, t h e r e  
i s  a m a r k e d  decrease of  the  zonal  v e l o c i t i e s  i n  t h e  m i d l a t i t u d e s .  

With t h e  f i r s t  peak i n  t h e  p o l a r  tempera ture  a t  40  mbar, t h e  polar j e t  
shows ( f i g .  3) a r a p i d  d e c r e a s e  a t  a l l  t h r e e  l e v e l s .  A s  t h e  10-mbar tempera ture  
peaks, t he  zonal  wind almost r e v e r s e s  a t  5 mbar, and f i n a l l y ,  as t h e  40-mbar 
polar t empera ture  p e a k s  for t h e  second t i m e ,  eas ter l ies  develop  a t  20 mbar from 
approximate ly  45O N poleward. As t h e  warming decays,  t h e  westerlies are reestab- 
l i s h e d ,  b u t  by t h i s  t i m e ,  t h e  s t r a t o s p h e r e  i s  i n  t r a n s i t i o n  t o  summer c o n d i t i o n s .  

HEATING RATES 

I n  t h i s  s e c t i o n ,  t h e  mechanisms r e s p o n s i b l e  f o r  t h e  i n c r e a s e s  i n  t h e  t e m -  
p e r a t u r e s  shown i n  f i g u r e  2 w i l l  be examined, and it w i l l  be shown t h a t  t h e y  are 
i n  agreement w i t h  o b s e r v a t i o n s .  The n e t  h e a t i n g  rates and t h e  c o n t r i b u t i o n s  
due to  t h e  convergence of the  h o r i z o n t a l ,  eddy h e a t  f l u x ,  t h e  m e r i d i o n a l  c i rcu-  
l a t i o n ,  and t h e  d iaba t ic  h e a t i n g  for the  40- and 10-mbar l e v e l s  are shown i n  
f i g u r e  4. N o t e  t h a t  t h e  m e r i d i o n a l  term is plotted w i t h  a n e g a t i v e  s i g n  to  
better s h o w  its pha5e r e l a t i o n s h i p  to, and its d e g r e e  of c a n c e l l a t i o n  wi th ,  t h e  
eddy convergence t e r m .  F o r  t h e  f i r s t  h a l f  of t h e  w i n t e r ,  t h e r e  is, on  t h e  aver-  
age,  a g e n e r a l  balance between t h e  m e r i d i o n a l  h e a t i n g  and t h e  eddy a d v e c t i v e  
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h e a t i n g ,  w i t h  a s l i g h t  phase  l a g  between t h e  t w o  which produces t h e  series of 
l o w a m p l i t u d e  polar warmings s e e n  i n  f i g u r e  2. S t a r t i n g  i n  mid-February, t h e r e  
is a series of three p u l s e s  of s t r o n g ,  eddy h e a t i n g  a t  b o t h  l e v e l s .  A t  t h e  
40-mbar l e v e l ,  t h e s e  p u l s e s  dominate t h e  o t h e r  terms and produce t h e  increases 
i n  tempera ture  shown i n  f i g u r e  2. However, a t  t h e  10-mbar level,  t h e  f i r s t  
p u l s e  is e f f e c t i v e l y  balanced by t h e  m e r i d i o n a l  term and t h e r e  is a n e t  c o o l i n g  
d u r i n g  t h e  period o f  t h e  f i r s t  pu lse .  During t h e  rapid r ise  of t h e  second 
p u l s e ,  t h e r e  is a ba lance  between t h e  m e r i d i o n a l  and eddy terms, b u t  e v e n t u a l l y  
t h e  eddy h e a t i n g  dominates and t h e  n e t  h e a t i n g  r e a c h e s  7 K/day. As a result, 
t h e  10-mbar polar tempera ture  i n c r e a s e s  by 30 K i n  6 days.  The m e r i d i o n a l  term 
remains l a r g e  and is, i n  f a c t ,  dominant d u r i n g  t h e  t h i r d  pulse a t  10 mbar. 
T h i s  r e s u l t s  i n  very  r a p i d  cool ing .  The eddy h e a t i n g  pulses a t  1 0  mbar l a g  t h e  
cor responding  40-mbar p u l s e s  by 2 t o  4 days ,  which s u g g e s t s  t h a t  t h e  s o u r c e  of  
t h i s  h e a t i n g  is a t  lower a l t i t u d e s .  

Time averages  of t h e  zonal ,  mean h e a t i n g  rates as a f u n c t i o n  of la t i tude 
a t  t h e  10-mbar l e v e l  are shown i n  f i g u r e  5. N o t e  t h a t  t h e  m e r i d i o n a l  term is 
m u l t i p l i e d  by n e g a t i v e  one to  better show t h e  s t r o n g  d e g r e e  of c a n c e l l a t i o n  
between it and t h e  eddy term. The f i r s t  a v e r a g e  is f o r  t h e  period f rom 
December 21 t o  J a n u a r y  30 ( f i g .  5 ( a ) )  and i l l u s t r a t e s  c o n d i t i o n s  prior to  t h e  
o n s e t  of t h e  warming. As noted i n  b o t h  o b s e r v a t i o n a l  and model s tud ie s ,  t h e  
m e r i d i o n a l  and eddy terms tend  t o  balance each o t h e r  except  near t h e  pole. 
There  is m e r i d i o n a l  h e a t i n g  i n  t h e  lower l a t i t u d e s  between So and 40° N ,  c o o l i n g  
between 40° and 75O N ,  and h e a t i n g  near  t h e  pole. The second time average is 
f o r  February 25 to March 3 ( f i g .  5 ( b ) )  and oovers  t h e  t i m e  of s t r o n g ,  n e t  heat-  
i n g  near  50° N shown i n  f i g u r e  2 ( b ) .  The p e a k  m e r i d i o n a l  h e a t i n g  h a s  moved 
j u s t  n o r t h  of 30° N ,  and t h e  maximum n e t  h e a t i n g  near 50° N r e s u l t s  l a r g e l y  
Erom t h e  eddy term. Even though t h e  m e r i d i o n a l  and eddy terms are both  large 
near  t h e  pole, t h e y  t e n d  to  cancel. The f i n a l  average  ( f i g .  5 ( c ) )  c o v e r s  t h e  
period of March 12 t o  March 17 d u r i n g  t h e  t i m e  of p e a k  temperature increase a t  
t h i s  l e v e l .  The q e r i d i o n a l  h e a t i n g  is now a maximum near: 50° Y but  is ba lanced  
by t h e  eddy term, except  n o r t h  of 60° N. 
r e s p o n s i b l e  for  t h e  l a r g e ,  polar h e a t i n g  northward of 60° N. 

Here t h e  eddy term dominates and is 

The mechanism of polar h e a t i n g  d e s c r i b e d  h e r e  is i n  agreement w i t h  t h a t  
found by Mahlman ( l 9 6 9 ) ,  who showed t h a t  t h e  convergence of t h e  h o r i z o n t a l ,  eddy 
h e a t  f l u x  w a s  t h e  dominat ing f a c t o r  i n  t h e  polar r e g i o n  d u r i n g  a major strato- 
s p h e r i c  warming and t h a t  t h e  mean f law a c t e d  to cool t h e  reg ion .  

ENERaTICS OF THE WARMING 

The energy c y c l e  of a s t r a t o s p h e r i c  warming is u s u a l l y  broken i n t o  t w o  
phases:  t h e  prewarming or a m p l i f i c a t i o n  phase,  and t h e  postwarming or decay 
phase.  S t u d i e s  by Reed e t  a l .  (1 9 6 3 ) ,  J u l i a n  and L a b i t z k e  (1965) ,  and P e r r y  
(1967) f i r s t  demonstrated t h a t  d u r i n g  t h e  f i r s t  phase  t h e r e  i s  an i n c r e a s e  of 
t h e  v e r t i c a l  f l u x  of eddy g e o p o t e n t i a l  energy from t h e  t r o p o s p h e r e  i n t o  t h e  
s t r a t o s p h e r e .  T h i s  i n c r e a s e  of t h e  v e r t i c a l  f l u x  appears to be n e c e s s a r y  f o r  
t h e  development of a warming; however, i t  is n o t  s u f f i c i e n t .  If t h e  s t r a t e  
s p h e r i c  winds are f a v o r a b l e  t o  v e r t i c a l  p ropagat ion ,  t h i s  t r o p o s p h e r i c  f o r c i n g  
can produce an  i n c r e a s e d ,  northward, eddy h e a t  f l u x  which r e s u l t s  i n  s t r o n g  
convergence and polar heat ing .  T h i s  eddy h e a t i n g  dominates  t h e  adiabatic cool- 
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ing ,  and t h e  polar t e m p e r a t u r e s  i n c r e a s e .  A f t e r  t h e  l a t i t u d i n a l  tempera ture  
g r a d i e n t  r e v e r s e s ,  t h e  convergence of t h e  eddy h e a t  f l u x  c o n t i n u e s  to h e a t  t h e  
polar r e g i o n  and t h e r e  is  a r e v e r s a l  of t h e  normal, d i rect  b a r o c l i n i c  c y c l e .  
As t h e  warming decays,  t h e  s t r a t o s p h e r e  t e n d s  to  r e t u r n  t o  i ts  "normal" w i n t e r  
s ta te ,  b u t  w i t h  a much reduced b a r o t r o p i c  convers ion .  T h i s  g e n e r a l  t r e n d  w i l l  
be d i s c u s s e d  more f u l l y  i n  " E n e r g e t i c s  of t h e  Model Warming." 

MODEL ENERGETICS 

A b l o c k  diagram i l l u s t r a t i n g  t h e  n o t a t i o n s  used f o r  t h e  e n e r g e t i c s  is shown 
i n  f i g u r e  6.  A l l  of t h e  e n e r g e t i c s  terms g i v e n  i n  t h i s  paper are  f o r  s p e c i f i e d  
p r e s s u r e  r e g i o n s  and are i n t e g r a t e d  o v e r  t h e  Nor thern  Hemisphere. Thus, K Z  is 
t h e  zonal  k i n e t i c  energy  o f  t h e  Northern Hemisphere w i t h i n  t h e  s p e c i f i e d  p r e s -  
sure  reg ion ,  and AZ, AE, and KE are t h e  cor responding  n o t a t i o n s  f o r  t h e  
zonal  a v a i l a b l e  p o t e n t i a l ,  eddy a v a i l a b l e  p o t e n t i a l ,  and k i n e t i c  e n e r g i e s ,  
r e s p e c t i v e l y .  The g e n e r a t i o n  terms f o r  t h e  zonal  and eddy a v a i l a b l e  p o t e n t i a l  
e n e r g i e s  are G Z  and GE;  DZ and DE r e p r e s e n t  t h e  d i s s i p a t i o n  of  zonal  and 
eddy k i n e t i c  energy.  The terms VOZ and VOE r e p r e s e n t  t h e  v e r t i c a l  f l u x  of 
zonal  and eddy g e o p o t e n t i a l  energy,  and t h e  s u b s c r i p t s  b and t r e f e r  t o  t h e  
f l u x  a t  t h e  b o t t m  and t o p  of t h e  r e g i o n ,  r e s p e c t i v e l y .  The terms A F  and K F  
a r e  f o r  t h e  r e d i s t r i b u t i o n  of  eddy energy  between t h e  hemispheres,  and BAZ, 
BAE, and BKEH a r e  boundary f l u x e s  f o r  t r a n s p o r t  from t h e  Southern  t o  Nor thern  
Hemisphere. The o t h e r  terms, d e s i g n a t e d  by t h e  arrows between t h e  energy  modes, 
r e p r e s e n t  convers ion  ra tes  between t h e  energy  modes. Thus both C K Z  and CKE 
r e p r e s e n t  convers ion  from eddy k i n e t i c  t o  z o n a l  k i n e t i c  energy,  but  t h e y  d o  n o t  
r e p r e s e n t  t h e  same convers ion .  Recal l  t h a t  t h e  energy  i n  t h e  boxes,  KE and 
K Z  i n  t h i s  s t u d y ,  are f o r  t h e  Northern Hemisphere; however, i n  a spectral  model 
such  a s  t h i s  where t h e  base v e c t o r s  ( t h e  s p h e r i c a l  harmonics) are of g l o b a l  
e x t e n t ,  a change i n  a s p e c t r a l  c o e f f i c i e n t  is f e l t  g l o b a l l y .  Because of  t h i s ,  
t h e r e  cannot  be a s t r i c t l y  local convers ion .  The convers ion  CKE r e p r e s e n t s  
t h e  convers ion  of Nor thern  Hemispheric eddy k i n e t i c  energy  t o  g l o b a l  zonal  
k i n e t i c  energy,  and t h e  convers ion  C K Z  r e p r e s e n t s  t h e  convers ion  of g l o b a l  
eddy k i n e t i c  energy  t o  Nor thern  Hemispheric zonal  k i n e t i c  energy.  S i m i l a r  rela- 
t i o n s h i p s  hold for t h e  o t h e r  c o n v e r s i o n s  between t h e  energy  modes. I n  some of  
t h e  f i g u r e s  t h a t  f o l l o w ,  t h e s e  t w o  c o n v e r s i o n s  have been averaged and t h e  t h i r d  
l e t t e r  i n  t h e  symbol has  been dropped. Thus 

CK = ( C K Z  + CKE)/2 

and 

CA = (CAZ + CAE)/2 

The arrows i n  f i g u r e  6 i n d i c a t e  t h e  d i r e c t i o n  of pos i t i ve  f l u x  o r  convers ion .  

( 4 )  

( 5 )  
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ENERGETICS OF THE M3DEL WARMING 

There  is ample e v i d e n c e  to  s u g g e s t  t h a t  t h e  p r i n c i p a l  source of eddy energy  
i n  t h e  lower s t r a t o s p h e r e  is  t h e  v e r t i c a l  f l u x  of eddy g e o p o t e n t i a l  energy from 
t h e  t roposphere  (Dopplick 1971) .  Furthermore,  t h i s  f l u x  is observed  to  i n c r e a s e  
prior to a s t r a t o s p h e r i c  warming. The h i s t o r y  of t h e  v e r t i c a l  f l u x  of  eddy geo- 
p o t e n t i a l  energy across t h e  120-, 40-, and 10-mbar levels  f o r  t h i s  w i n t e r  simu- 
l a t i o n  i s  shown i n  f i g u r e  7. N o t e  t h a t  n e g a t i v e  f l u x e s  are upwards. The most 
s t r i k i n g  f e a t u r e  of t h i s  f i g u r e  is t h e  close c o r r e l a t i o n  between t h e  p u l s e s  of 
v e r t i c a l  f l u x  beginnng i n  mid-February and t h e  p u l s e s  of eddy h e a t i n g  shown i n  
f i g u r e  4. A t  t h e  40-mbar l eve l ,  t h e  h e a t i n g  l a g s  t h e  120-mbar f l u x  by o n l y  1 to 
3 days.  The l a g  is s l i g h t l y  longer  a t  t h e  10-mbar l e v e l .  T h i s  s t r o n g l y  sug- 
g e s t s  t h a t  t h e  v e r t i c a l  f l u x  from below p r o v i d e s  t h e  energy  which r e s u l t s  i n  t h e  
rapid polar h e a t i n g  i n  t h i s  model s i m u l a t i o n  and, thus ,  seems to be p l a y i n g  t h e  
same role found i n  o b s e r v a t i o n a l  s t u d i e s .  The magnitude of t h e  v e r t i c a l  f l u x  
i s  i n  good agreement w i t h  o b s e r v a t i o n s .  For example, J u l i a n  and Labi tzke  (1965) 
observed  f l u x e s  of  -0.68 w a t t / m 2  for t h e  25-day mean prior t o  t h e  1963 warming, 
w h i l e  Quiroz e t  al .  
1973 warming. 

(1975) observed  p e a k  f l u x e s  of -0.6 w a t t / m 2  p r i o r  t o  t h e  

The h i s t o r i e s  of t h e  k i n e t i c  energy  f o r  t h e  r e g i o n s  from 120 t o  40 mbar, 
40 to  10 mbar, and 1 0  to  2 mbar are shown i n  f i g u r e s  8 to 10 .  Each f i g u r e  shows 
n o t  o n l y  the  zonal  and eddy e n e r g i e s ,  bu t  also t h e  energy  i n  each of the p r i n c i -  
pal zonal  wave numbers. These f i g u r e s  i l l u s t r a t e  t h e  dominance of t h e  even 
zonal  modes i n  t h i s  model. T h e i r  dominance results from having o n l y  nonzero 
v a l u e s  s p e c i f i e d  f o r  t h e  zonal  and zonal-wave-number- t w o  t e r n s  i n  t h e  orography 
and i n  t h e  t r o p o s p h e r i c  d i a b a t i c  h e a t i n g .  Note t h a t ,  w h i l e  t h e  odd modes are 
s i g n i f i c a n t  d u r i n g  t h e  p e r i o d  of peak warming, t h e y  are n o t  impor tan t  i n  mid to  
l a t e  February  w h i l e  t h e  warming i s  developing.  Because of t h e  l eve l s  a t  which 
t h e  e n e r g i e s  are c a l c u l a t e d  i n  t h e  model, it is d i f f i c u l t  to  compare r e s u l t s  
w i t h  t h e  v a r i o u s  o b s e r v a t i o n s  which are taken  over  d i f f e r e n t  pressure and a l t i -  
t u d e  bands. However, t h e s e  k i n e t i c  e n e r g i e s  compare reasonably  w e l l  w i t h  t h e  
+year win ter  means g iven  by N e w e l 1  e t  a l .  (1974).  

The t i m e  v a r i a t i o n s  of t h e  k i n e t i c  energy i n  t h e  l e v e l s  from 120 t o  
40 m b a r  ( f i g .  8 )  and 40 t o  10 mbar ( f i g .  9) are c l o s e l y  c o r r e l a t e d  w i t h  t h e  
v e r t i c a l  f l u x  and t h e  polar-jet v a r i a t i o n s .  The i n c r e a s e  i n  t h e  ver t ica l  f l u x  
of eddy g e o p o t e n t i a l  energy is immediately fo l lowed by i n c r e a s e s  i n  t h e  eddy 
k i n e t i c  energy. Decreases  i n  t h e  zonal  k i n e t i c  energy,  f i r s t  i n  t h e  40- to 
10-mbar l e v e l  and t h e n  i n  t h e  120- to 40-mbar l e v e l ,  are a d i r e c t  resul t  of t h e  
weakening of t h e  polar j e t .  I n  t h e  10- to  2-mbar l e v e l  ( f i g .  l o ) ,  t h e  zonal  
k i n e t i c  energy  i s  more e v e n l y  d i s t r i b u t e d  over  t h e  hemisphere. There,  t h e  f i r s t  
decrease ,  e a r l y  February ,  is t h e  resul t  of t h e  weakening of t h e  lower l a t i t u d e  
winds, w h i l e  t h e  d e c r e a s e  i n  e a r l y  March is r e l a t e d  t o  t h e  d e c r e a s e  i n  t h e  h igher  
l a t i t u d e  j e t  winds. The i n c r e a s e s  i n  t h e  m o d e 2  e n e r g i e s  i n  t h e  lower t w o  
l e v e l s  demonstrate  t h a t  t h e  ver t ical  f l u x  is p r i n c i p a l l y  i n  mode 2, and t h e r e  
was no marked i n c r e a s e  f o r  e i t h e r  l e v e l  i n  mode 1 u n t i l  t h e  warming was well 
under way. 

The h i s t o r i e s  of t h e  a v a i l a b l e  p o t e n t i a l  e n e r g i e s  €or t h e  r e g i o n s  f r m  70 
to  20 mbar and from 20 t o  5 m b a r  are shown i n  f i g u r e s  11 and  12, r e s p e c t i v e l y .  
Again, mode 2 is t h e  dominant eddy term i n  t h e  lower l e v e l ;  however, t h e r e  is a 
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, 

more even p a r t i t i o n i n g  between modes 1 and 2 a t  t h e  h igher  l e v e l .  A t  bo th  
l e v e l s ,  t h e  o n s e t  of t h e  warming is i n i t i a l l y  marked by decreases i n  t h e  zonal ,  
a v a i l a b l e  p o t e n t i a l  energy. The response  of t h e  z o n a l  term a f t e r  t h e  i n i t i a l  
decrease is d i f f e r e n t  i n  t h e  t w o  l e v e l s  because of t h e  d i f f e r e n t  l a t i t u d i n a l  
g r a d i e n t  of t h e  zonal  temperature .  Thus, t h e  r e v e r s a l  of t h e  g r a d i e n t  a t  t h e  
40-mbar level  r e s u l t s  i n  a decrease i n  zonal  p o t e n t i a l  energy through an 
i n c r e a s e  of  t h e  polar tempera tures .  On t h e  o t h e r  hand, t h e  10-mbar tempera- 
t u r e  g r a d i e n t  is much l a r g e r ,  and w h i l e  t h e r e  is a local i n c r e a s e  i n  AZ a t  
t h e  t i m e  of p e a k  warming, it is mall  compared t o  t h e  o v e r a l l  d e c r e a s e  i n  t h e  
e a r l y  s t a g e s .  

The p r i n c i p a l  energy  convers ions  for t h i s  s t r a t o s p h e r i c  warming are 
shown i n  f i g u r e s  1 3  and 14. I n  f i g u r e  13 ,  BKEV and BKZV are t h e  conver- 
gences of t h e  vertical f l u x  of  eddy and zonal  k i n e t i c  energy,  r e s p e c t i v e l y ,  
and CK is t h e  a v e r a g e  of t h e  barotropic c o n v e r s i o n s  CKE and CKZ. A f t e r  
an i n i t i a l  ad jus tment  to w i n t e r  c o n d i t i o n s ,  t h e r e  t e n d s  t o  be a balance 
between BKEV, CK, and BKZV. That  is, t h e  energy f low t e n d s  to  be 
KE ( t r o p o s p h e r e )  -+ KE ( s t r a t o s p h e r e )  -F K Z  ( s t r a t o s p h e r e )  -+ K Z  ( t r o p o s p h e r e )  
i n  t h e  r e g i o n  f r a n  120 to  40 mbar. There are some s i g n i f i c a n t  v a r i a t i o n s  
from t h i s  cycle. A s  w i l l  be s u b s e q u e n t l y  shown, a s t r o n g  b a r o c l i n i c  c y c l e  
develops d u r i n g  t h e  warming ( a f t e r  t h e  1 0 t h  of March) and t h e r e  is a s h a r p  
r e d u c t i o n  i n  CK i n  t h e  r e g i o n  from 120 t o  10 mbar. The same major t r e n d  holds  
f o r  t h e  r e g i o n  from 70 to  1 0  mbar, e x c e p t  t h e r e  i s  more v a r i a t i o n  i n  b o t h  t h e  
v e r t i c a l  f l u x  convergences and CK. For t h e  25 d a y s  l e a d i n g  up t o  t h e  warming, 
J u l i a n  and Labi tzke  (1965) g i v e  va lues  of 0.680, 0.403, and -0.213 watt/m2 f o r  
BKEV, CK, and BKZV, r e s p e c t i v e l y ,  and t h e  same convers ions  for t h e  f o l l o w i n g  
30 days were 0.347, 0.014, and -0.120 watt/m2. The c o n v e r s i o n s  shown i n  f i g -  
u r e  13 a g r e e  w e l l  w i t h  t h e i r  r e s u l t s .  The k i n e t i c  energy  c o n v e r s i o n s  i n  t h e  
r e g i o n  from 10 to  2 m b a r  ( f i g .  1 3 ( c ) )  show t h e  same g e n e r a l  balance between 
BKEV, CK, and BKZV, b u t  t h e  p e r i o d  of reduced CK d u r i n g  and a f te r  t h e  p e a k  
of t h e  warming does n o t  l a s t  more than  a few days. 

The b a r o c l i n i c  convers ions  CZA, CA ( t h e  average of  CAZ and C A E ) ,  and 
CEA for  t h e  r e g i o n s  from 70 to  20 m b a r  and 20 to  5 mbar a r e  shown i n  f i g u r e  1 4 .  
T h i s  model does not  produce an AE t o  KE convers ion  i n  the  lower strato- 
s p h e r e ,  a s  w a s  observed  by Dopplick (1 971) .  I n s t e a d ,  t h e  win ter  c y c l e  b e a r s  
more resemblance t o  h i s  March va lues  i n  t h a t  there i s  a d e f i n i t e  KE to  AE 
conversion below 5 mbar w i t h  a s t r o n g  convergence of t h e  v e r t i c a l ,  eddy f l u x  
throughout  t h e  w i n t e r .  The a v a i l a b l e  p o t e n t i a l  energy  c o n v e r s i o n s  are charac- 
t e r i z e d  by r a p i d  v a r i a t i o n s  w i t h  a period of about  1 w e e k  d u r i n g  t h e  f i r s t  par t  
of the  w i n t e r .  For t h e  r e g i o n  f r a n  70 t o  20 mbar, an i n d i r e c t  b a r o c l i n i c  c y c l e  
deve lops  f r a n  t h e  f i r s t  o f  March u n t i l  t h e  midla t i tude- to-pole  temperature g r a d i -  
e n t  r e t u r n s  to  i ts  prewarming s ta te .  Prior t o  March 1 ,  no d i r e c t  c y c l e  w a s  
e s t a b l i s h e d  i n  t h a t  b o t h  t h e  magnitudes and d i r e c t i o n  of t h e  convers ion  v a r i e d .  
I n  c o n t r a s t ,  t h e r e  w a s  a d i r e c t ,  s t e a d y  b a r o c l i n i c  c y c l e  e s t a b l i s h e d  i n  t h e  
r e g i o n  from 20 to 5 m b a r  between t h e  l a t t e r  part o f  F e b r u a r y  and t h e  t i m e  t h a t  
t h e  m i d l a t i t u d e -  to-pole temperature g r a d i e n t  reversed .  An i n d i r e c t  cycle w a s  
t h e n  e s t a b l i s h e d  and main ta ined  u n t i l  t h e  l a t i t u d i n a l  tempera ture  g r a d i e n t  
r e m v e r e d  t o  its normal win ter  state.  T h i s  is i n  agreement w i t h  o b s e r v a t i o n s  
s u c h  as t h a t  by Reed et a l .  (1963) which ana lyzed  t h e  1957 warming and showed 
a r e v e r s a l  from a d i rec t  to  an i n d i r e c t  b a r o c l i n i c  cycle cor responding  t o  t h e  
a m p l i f i c a t i o n  and decay of t h e  warming, r e s p e c t i v e l y .  
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CONCLUDING REMARKS 

A spontaneous ly  produced s i m u l a t i o n  of a major, sudden s t r a t o s p h e r i c  warm- 
ing  h a s  been analyzed.  The o n s e t  of t h e  warming was marked by a r a p i d  i n c r e a s e  
i n  t h e  v e r t i c a l  f l u x  of eddy energy  o u t  of t h e  t r o p o s p h e r e  t h a t  was t y p i c a l  of 
observed prewarming c o n d i t i o n s .  The polar h e a t i n g  r e s u l t e d  from i n c r e a s e d  con- 
vergence of t h e  h o r i z o n t a l ,  eddy h e a t  f l u x ,  a g a i n  as observed  i n  a c t u a l  warm- 
ings .  There was no ev idence  of  t h e  development and subsequent  d e s c e n t  of a 
h o r i z o n t a l  c r i t i c a l  l e v e l  as p o s t u l a t e d  by Matsuno (J. Atmos. S c i . ,  Nov. 1971 ) .  
The g e n e r a l  c h a r a c t e r  i s t ics  of t h e  energy  c y c l e  c l o s e l y  resemble o b s e r v a t i o n s ,  
i n  t h a t  t h e  model deve lops  a d e f i n i t e  i n d i r e c t  b a r o c l i n i c  c y c l e  and t h e r e  is 
a s h a r p  r e d u c t i o n  of t h e  b a r o t r o p i c  convers ion  w i t h  t h e  r e v e r s a l  of t h e  
m i d l a t i t u d e - t o - p o l e  tempera ture  g r a d i e n t  i n  t h e  s t r a t o s p h e r e .  

The facts  t h a t  t h i s  s i m u l a t i o n  developed spontaneous ly ,  a warming does  
not  deve lop  each  w i n t e r ,  and so many f e a t u r e s  of t h e  model warming are s imilar  
t o  observed features ,  s u g g e s t  t h a t  t h i s  model may be u s e f u l  f o r  s t u d y i n g  n o t  
o n l y  t h e  warming process b u t  a l s o  t h e  c o n d i t i o n s  t h a t  f a v o r  its development. 

Langley Research Center  
N a t i o n a l  Aeronaut ics  and Space A d m i n i s t r a t i o n  
Hampton, VA 23665 
A p r i l  6,  1981 
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